Abstract -Viable cells of a halotolerant Brevibacterium sp. JCM 6894 grown in a liquid medium with pH 7.1 were enumerated as the colony-forming cells on three kinds of agar media with different pH values. Unexpectedly they were lower at neutral pH rather than acidic or alkaline pH. This tendency was invariable regardless of the changes in the concentrations of nutrients in the agar medium as well as in the growth phases of the cells. From the comparison of cell growth between liquid and solid media with different pHs, we notified the importance of the pH changes in liquid medium accompanied with growth. Effects of salts and pH of the liquid medium on protonmotive force (Δp) was estimated from membrane potentials (ΔΨ) and proton gradients (ΔpH) of the strain JCM 6894. In the absence of salts, Δp of the strain JCM 6894 was the largest at neutral pH, which was conflicting with the result of cell viability. The addition of NaCl led to the reduction of Δp at acidic pH, mainly due to the dissipation of ΔΨ, which seems to be consistent with the lower numbers of colony formed at acidic pH in the presence of NaCl.
INTRODUCTION
For normal cultivation of microbial cells we have traditionally applied the incubation of cells in liquid medium. The estimation of viable cell numbers in the medium or in the environments has been generally carried out in terms of counting the colonies appeared on solid medium. At present, it seems to be of interest to clarify the difference of numbers between actually living cells and culturable active cells (Colwell et al., 1985; Amann et al., 1995) . A lot of methods to determine the exact numbers of living cells have been developed such as quantitative direct viable count procedures (Yokoyama et al., 2000) , mixed culture recovery method (Bogosian et al., 1998) , HOCl exposure method (Dukan et al., 1997), etc. During the growth of the cells, neutral pH of liquid medium in batch system generally shifts to acidic or alkaline pH accompanied with cell growth and vice versa (Kitada and Horikoshi, 1976; Kobayashi and Horikoshi, 1980) . This depends on the extent of oxidation or reduction of substrates in medium (Nagata, 1988) . Cell viability obtained by counting the colonies formed on solid medium, on the other hand, is the consequence of cell proliferation at fixed pH value, which seems to be related to the difference of diffusion rates between liquid and solid media (Fang et al., 2004) .
Brevibacterium sp. JCM 6894 is the halotolerant bacterium that is able to grow in wide ranges of pH and NaCl (Nagata, 1988) . Therefore, strain JCM 6894 seems to be appropriate as a model strain to examine the effect of pH as well as salts in the culture medium for cell growth. Thus, it seems to be of interest to evaluate the cell yield when the strain JCM 6894 grown at neutral pH was grown on solid as well as in liquid media with different pH values.
To rationalize the interrelationship between them, quantitative analyses of bioenergetics based on the chemiosmotic theory presented by Mitchell (1973) seems to be indispensable, since pH homeostasis of the cells is the central process to maintain relatively constant intracellular pH over broad range of external pH (Foster and Hall, 1991) . Thus, we tried to examine the transmembrane properties of the strain JCM 6894 in terms of measuring the membrane potentials and proton gradients under the different external pH, taking the importance of the presence of electrolytes to regulate the intracellular pH into consideration (Rottenberg, 1979; Kroll and Booth, 1981) .
MATERIALS AND METHODS
Bacterial strain and liquid culture conditions. In this study we used the halotolerant Brevibacterium sp. JCM 6894 which was grown aerobically at 30 °C for 24 h in a complex (CL) medium (g·l -1 distilled water): Bacto peptone (BP, Difco Annals of Microbiology, 56 (3) 269-274 (2006) (Nagata, 1988) . For cell culture, 0.1 ml of preincubated culture in CL medium was inoculated into 50 ml of CL medium freshly prepared in a 300 ml of flask on a rotary shaker (120 rpm) at 30 °C, in which medium pH was adjusted to 7.1 with tetramethylammonium hydroxide (TMAH) after sterilisation. Growth was determined by measuring the turbidity at 650 nm (OD 650 ) using a Beckman DU 640 spectrophotometer (Beckman Instruments, Fullerton, CA, USA). When the OD 650 was greater than 1.0, the turbidity was measured following appropriate dilution of samples (Nagata et al., 2002) .
Colony formations in a halotolerant
Determination of cell viability in solid medium. Brevibacterium sp. JCM 6894 cells grown in CL medium until late exponential phase of growth (24 h at 30 °C) were harvested by centrifugation (10000 x g, 5 min, 4 °C), unless otherwise stated. Turbidity of cell suspension at 650 nm (OD 650 ) was adjusted to 0.5 with CL medium and then it was spread onto the following solid media with various pH values (Table 1 ).
-CL medium; -LB medium (g·l -1 distilled water): Bacto tryptone (Difco), 10.0; YE, 5.0; NaCl, 10.0; -chemically defined (CD) medium (l -1 distilled water): 20 g sodium glutamate monohydrate, 50 µg calcium pantothenate, 100 µg biotin, and 400 µg thiamine hydrochloride; -CL-I, CL-II, CL-III, CL-IV, CL-V, and CL-VI with various concentrations of BP and YE as shown in Table 1 .
All the solid media were also prepared with different pHs. Acidic and alkaline pHs in solid media were prepared by the addition of HCl and TMAH, respectively. In this text we show the pH values after autoclaving for each solid medium. Triplicate determinations of colony counting after incubation at 30 °C for 3 days were made and averaged (Nagata, 1997) . The data were analysed for statistical significance using Student's t-test. (Rottenberg, 1979) . The cells were grown until late exponential phase of growth in CL medium and centrifuged (10000 x g, 5 min, 4°C
). After washing the cells, the pellets were suspended in 50 mM potassium-phosphate (KP i ) buffer (pH 6, 7.5, and 9) containing [2-14 C]DMO (final concentration 12 µM, 0.1 µCi/ml) or [ 14 C]-methylamine (final concentration 18 µM, 0.1 µCi/ml) with [ 3 H]-TPP + (final concentration 4 µM, 0.1 µCi/ml) where cell suspension was adjusted to 1.6 mg protein/ml with same buffer. After incubation at 25 °C for 1 h, intracellular fractions were separated by centrifugation (12000 x g, 3 min) at room temperature and then dissolved in 0.5 ml of 10% HClO 4 . The pellets were washed twice with KP i buffer (pH 6, 7.5, and 9) containing non-radiolabelled DMO (17.5 µM) or methylamine (30 µM) with TPP + (4 µM). Both extracellular and intracellular fractions were mixed with scintillation liquid and were assayed for 3 H and 14 C radioactivities using liquid scintillation counter (LCS-3000, Aloka, Tokyo). The cell volume of Brevibacterium sp. JCM 6894 was described previously (Nagata et al., 1991) .
The measurements of membrane potentials and proton gradients were carried out in the absence and presence of 10 mM glucose and 20 µl of H 2 O 2 (0.3%, w/v). In the latter, the addition of catalase (125 mg·l -1 ) on H 2 O 2 liberated O 2 leading to aerobic conditions, which were maintained in the assay during the centrifugation step (Kroll and Booth, 1981 USA). Catalase (from bovine liver) was obtained from Wako Pure Chemicals, Osaka, Japan. Other chemicals used were of reagent or higher grade.
RESULTS AND DISCUSSION
Cell viability in solid medium at different pHs Cell suspension with OD 650 = 0.5 was spread onto the CL solid medium with various pH values, from 5.6 to 8.3. When pH of the solid medium was acidified or alkalinized, the numbers of colonies appeared on each solid medium were higher than those at neutral pH (Fig. 1) . To ascertain whether or not the present phenomenon is only permitted in CL medium, we examined the colony numbers appeared on LB and CD agar media. As shown in Fig. 1 , the changes of colony numbers formed on both media were almost similar as that of CL medium, indicating that the present finding might be fundamentally independent of the kinds of nutrients involved in the medium. According to the Student's t-test, difference of the cell viability at neutral and acidic or alkaline pHs for every medium was statistically significant.
Effect of medium composition
To elucidate the effect of medium composition on viable cell numbers, fifteen kinds of solid media (Table 1) with different concentrations of Bacto yeast extract (CL-I, CL-II, CL-III, and CL-IV) and Bacto peptone (A, B, C, and D) were tested, in which pH values resulted in 6.6-6.8 except for the medium without BP (pH 6.2-6.4). As shown in Fig. 2 , viable cell numbers decreased with an increase of BP concentration in every solid medium examined, suggesting that the presence of BP led to the depression of the colony formation of this strain. At the same time, colony numbers were reduced in proportion to the increase of YE concentrations, except for the medium without BP supplemented. In this regards, it seems to be of value to point out that when solid medium contained higher concentrations of nutrient components, cell viability became lower for Brevibacterium sp. JCM 6894 grown at neutral pH.
To ascertain the relation between nutrient concentrations and pH of CL medium on the formation of colonies, we prepared the following solid medium with BP (CL-V) or YE (CL-VI) as sole nutrient source, in which pH of each medium was adjusted to acidic, neutral, and alkaline (Table 1) . As shown in Fig. 3 , the minimum of cell viability for both media was observed not at acidic and alkaline pHs but at near neutral pH, which is in good agreement with the results of three different media shown in Fig. 1 .
Effect of growth phase
Next we tried to clarify the influence of growth phases on the viability on the CL solid medium with various pHs. As shown in Table 2 , almost the same colony numbers for solid medium with various pH values were recognized for the cells at the late exponential (12 h) and early stationary (24 h) growth phases, where minimum colony numbers were at neutral pH. At the early exponential (6 h) and late stationary (48 h) ones, clear difference of viability was recognized; one-order lower numbers of viable cells were noted at neu- tral pH compared with those of acidic and alkaline pHs. As a summary, the lowest numbers of colonies formed on the solid medium resulted in neutral pH, which was independent of the growth phases in the strain JCM 6894.
Effect of electrolyte and non-electrolyte
The addition of NaCl into CL solid medium led to the decrease and increase of cell viability at acidic and neutral pHs, respectively, in comparison with the viability in the solid medium without salts added (dotted line in Fig. 4) . By the addition of KCl or sorbitol, on the other hand, viable cell numbers were higher at acidic and neutral pH than that of NaCl, although they were almost the same at alkaline pHs. In conclusion, the addition of NaCl in solid medium showed almost linear increase of cell viability in proportion to the increase of pH, while the plateau changes in colony numbers were observed at various pHs examined when KCl or sorbitol was present.
Growth in liquid medium
The changes of cell growth were traced in CL liquid medium with various pHs. As shown in Fig. 5A , growth maximal were observed at neutral pH until 10 h of incubation corresponding to the exponential phase of growth. Over 16 h of incubation an increase of cell yield was observed not neutral but acidic and alkaline pHs. It is of value to point out that accompanied with the growth, medium pH shifted to alkaline slightly, Values are the averages ± standard deviations from four separate experiments. * P < 0.01 compared with CL-V at pH 7.1 (BP-containing medium). ** P < 0.01 compared with CL-VI at pH 6.9 (YE-containing medium). 1980). In the presence of 1 M NaCl in the medium, cell growth did not show the minimum at neutral pHs regardless of the incubation time (Fig. 6 ). In the case of 2 M NaCl similar tendency on the growth as that of 1 M NaCl was observed (data not shown). The changes of pH values accompanied with growth in the presence of 1 M and 2 M NaCl were almost similar as that in the absence of NaCl (data not shown).
Intracellular pH and membrane potential at different pHs
An attempt was made to examine whether the membrane potentials and proton gradients of the cells suspended at different pHs possess the key to solve the unexpected result that the colony numbers appeared on the solid medium were the lowest at neutral pH. Since the data shown above were almost similar for 1 M and 2 M NaCl, we measured the followings in the presence and absence of 1 M NaCl. In the absence of NaCl, membrane potentials which were inside negative increased in proportion to the increase of the external pH, as shown in Table 3 . At an alkaline pH the cells tended to accumulate protons in the cell cytoplasm to maintain pH i to be neutral, which brought about the reduction of protonmotive force (ΔP) in comparison with that at neutral pH.
In the presence of NaCl, ΔΨ was reduced, about 9-15 mV, compared with those in the absence of salts at every pH examined. This might be due to the fact that the strain JCM 6894 unavoidably accumulated huge amounts of extracellular Na + and tried to extrude water from the cell cytoplasm to maintain the turgor pressure of the cells (Booth, 1985; Nagata et al., 1995; Peddie et al., 1999) . As a whole, protonmotive force was maximum at neutral pH except for the presence of Na + where it increased in proportion to the increase of external pH. ΔP became smaller when NaCl was added, which was primarily ascribed to the reduction of membrane potentials.
CONCLUSION
Viability of the halotolerant Brevibacterium sp. JCM 6894 on the solid medium without salts supplemented was the lowest at neutral pH rather than acidic or alkaline pHs, regardless of not only kinds of medium components but growth phases. This is in good agreement with the cell growth in liquid medium until exponential phase of growth. Protonmotive force, however, was maximum at neutral pH, which was not consistent with the minimum numbers of colonies at this pH region. Non-agreement in the relation between ΔP and colony numbers at different pHs could be fundamentally ascribed to the different conditions in liquid and solid media, respectively (Fang et al., 2004) . Supplementation of salts led to reduce the difference of cell viability in medium with various pHs. When the cells were incubated under high concentrations of NaCl, they have to extrude Na + accumulated in the cell cytoplasm through Na + /H + antiporter, since Na + is not suitable for cellular functions (Nagata et al., 1995) . The extrusion of Na + accumulated, however, was not sufficiently functioned at acidic pH, i.e., in the proton-rich environment. Thus, the reduction of ΔΨ led to diminish the ΔP and thereby they failed to create the colony on the solid medium with acidic pH.
Unfortunately the definite relation of cell viability between solid and liquid media was not recognized in this study. In order to clarify the primary cause of the lowest viability of Brevibacterium sp. JCM 6894 cells on the solid medium with neutral pH, further studies are essential. 
